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cillin-V cAbstract Quantum mechanics (QM) methods were used to examine the electronic structure and
the relative stability of penicillin-V (PV) conformations in the gas phase and the different solvent
media. The effects of solvent dielectric constant and the computational methods were analyzed
on the conformational stability of b-lactam-thiazolidine bicyclic system, its geometry and its reac-
tivity. Our ﬁndings indicated that in the PV, the axial form of thiazolidine ring is more stable than
equatorial form one in all of the tested media. This is in agreement with the NMR studies performed
on PV that indicate the axial conformation is the dominant form in solid state. Furthermore, the
atomic charges computations and natural bond orbital Interpretation (NBO) represented that by
increasing the solvent dielectric constant, the charge values on the C5 and C7 atoms of the b-lactam
ring decrease, while HOMO–LUMO gap and occupancy values of the contained bonds in b-lactam
ring of the interested structures increase. Hence, the b-lactam ring possesses the lowest reactivity
against nucleophilic attacks and the highest stability in presence of implicit waters. However, it
can be concluded that the structural stability of penicillin-V conformations is controlled by solvent’s
polarity and its dielectric constant, the electrophilic nature of b-lactam ring and HOMO–LUMO
gap.
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Phenoxy methyl penicillin, commonly known as penicillin-V
(PV), belongs to a kind of b-lactam antibiotics which act by
inhibiting the ﬁnal steps of bacterial cell wall synthesis (Morin
and Gorman, 1981). b-Lactam antibiotics are the most widely
used in the treatment of bacterial diseases due to their broad
spectrum and low toxicity. However, penicillin-V may be lessing Saud University.
d NBO interpretation of solvent eﬀects on the structural stability and
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Figure 1 The optimized structure of penicillin-V (PV).
2 A.A. Salari et al.active against some susceptible organisms, particularly Gram-
negative bacteria (Garrod, 1960a,b). In penicillin-V, adding
oxygen, decreases the nucleophilicity of the carbonyl group
in penicillin-V (Fig. 1), making PV acid stable and orally viable
(Shewale and Sudakaran, 1997; Bush, 1988; Elander, 2003;
Suresh et al., 1999; Rolinson, 1998; Patrick, 2009; Sudakaran
and Borkar, 1985). The basic structure of penicillins consists
of three components: a thiazolidine ring (5-membered ring),
an attached b-lactam ring (4-membered ring), and a side chain.
The reactivity of the b-lactam ring was associated to the lack of
resonance of the amide endocyclic system caused by the pro-
nounced pyramidal character of the b-lactam nitrogen atom
(Johnson, 1949). However, this factor cannot be the only
molecular parameter that is necessary for interpretation of
biological activities, and stereochemistry aspects play an
important role. Consequently, the studies have been directed
to the thiazolidine ring. It is believed that the conformationsScheme 1 Axial (a) and equatorial (b) conformations of the b
Please cite this article in press as: Salari, A.A. et al., The ab initio study an
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biological activity (Cohen, 1983). The thiazolidine ring is not
planar, because of one atom substantially out of the plane
passes through the other four atoms. It is partly ﬂexible and
can adopt two conformations: the axial conformation, where
the C3 carbon is out of the plane formed by the other four
atoms of the ring, associated to the pseudoaxial orientation
of the (RCOO–) group; and the equatorial conformation,
where the sulphur atom is out of the plane, being the
(RCOO–) group in a pseudoequatorial position (scheme 1).
These conformations have been named by Joshi et al. (Joshi
et al., 1978; Joshi and Rao, 1982) as ‘‘C3-puckered’’ and
‘‘C2-puckered’’, respectively and have been experimentally ob-
served via the crystallographic researches of penicillins
(Yoshimoto et al., 1972; Dexter and Veen, 1978). During the
past years, some studies on b-lactam antibiotics have been
performed using ab initio methods, mainly on model b-lactam
species (Lopez et al., 2006). Also, calculations of the Hartree–
Fock (HF), second-order Moller-Plesset (MP2), and density
functional theory (DFT) were performed to obtain the geom-
etries and energies of the possible conformations of the basic
bicycle system of penicillins and their derivatives (Pena-Gallego
et al., 1999; Li et al., 2007). Whereas, the performed calcula-
tions for the interpretation of full b-lactam compounds (peni-
cillins) have been limited to semiempirical or molecular
mechanics methods in most cases. Recently, an ab initio study
was reported to characterize the electronic, structural, and
physicochemical parameters which are related to the antibacte-
rial activity of penicillins by A. Raya and coworkers (Soriano-
Correa et al., 2007). Unfortunately, because of the limitation
of computational resources, the effects of solvent have not
been investigated on the energetic and geometric parameters
of full penicillin molecules using high level ab initio quantum
mechanics methods yet, While its effects were experimentally
reported on the solubility and stability of some penicillin com-
pounds (Jing et al., 2010; Ren et al., 2010; Arroyo et al., 1999,
2000). Based on the objective of this study which is to describe
the electronic properties of penicillin compounds, the effects of
the solvent dielectric constant and the computational methods
were analyzed on the structural stability of penicillin-V confor-
mations (axial and equatorial conformations). Furthermore,
the inﬂuences of the solvent media and its dielectric constant
were investigated on the PV geometry, the properties of confor-
mational stability and the reactivity of the b-lactam-thiazolidine
bicyclic system using DFT methods and natural bond orbitalasic bicyclic system optimized in the penicillin-V structure.
d NBO interpretation of solvent eﬀects on the structural stability and
Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.2013.08.009
Table 1 Calculated relative energy values (D Eel in kcal mol
1) for the PV conformations in the different levels of theory and solvent dielectric constants (e).
Compounds MP2/6-31G\// MP2/6-31G\ MP2/3-21G\// MP2/3-21G\ B3LYP/6-311 + G\\//B3LYP/6-31G\ B3LYP/6-31G\//B3LYP/6-31G\ B3LYP/3-21G\//B3LYP/3-21G\
Eel D Eel Eel D Eel Eel D Eel Eel D Eel Eel D Eel
e* = 1
1-Axial 1500.4851 1.1242 1491.4974 0.7841 1504.7003 1.4325 1504.3518 1.1923 1496.4234 0.6275
2-Equaterial 1500.4839 0.9551 1491.4970 0.8219 1504.6997 1.3586 1504.3505 1.2550 1496.4103 1.8198
e= 2.379
1-Axial 1500.4859 0.6461 1491.4979 0.4399 1504.7012 0.8276 1504.3526 0.6855 1496.4236 0.5142
2-Equaterial 1500.4845 0.5350 1491.4976 0.4582 1504.7006 0.7693 1504.3514 0.7269 1496.4115 1.0668
e= 8.93
1-Axial 1500.4866 0.2007 1491.4984 0.1290 1504.7021 0.2559 1504.3534 0.2099 1496.4241 0.1541
2-Equaterial 1500.4851 0.1566 1491.4981 0.1340 1504.7015 0.2335 1504.3522 0.2211 1496.4127 0.3138
e= 20.7
1-Axial 1500.4868 0.0726 1491.4985 0.0483 1504.7024 0.0971 1504.3536 0.0794 1496.4243 0.0580
2-Equaterial 1500.4853 0.0587 1491.4983 0.0502 1504.7017 0.0882 1504.3524 0.0835 1496.4130 0.1255
e= 24.55
1-Axial 1500.4868 0.0575 1491.4986 0.0383 1504.7024 0.0769 1504.3536 0.0629 1496.4243 0.0459
2-Equaterial 1500.4853 0.0464 1491.4983 0.0397 1504.7017 0.0698 1504.3524 0.0661 1496.4130 0.0628
e= 46.7
1-Axial 1500.4869 0.0181 1491.4986 0.0120 1504.7025 0.0242 1504.3537 0.0198 1496.4244 0.0144
2-Equaterial 1500.4854 0.0146 1491.4983 0.0124 1504.7018 0.0220 1504.3525 0.0208 1496.4131 0.0628
e= 78.39
1-Axial 1500.4869 0.0000 1491.4986 0.0000 1504.7025 0.0000 1504.3537 0.0000 1496.4244 0.0000
2-Equaterial 1500.4854 0.0000 1491.4983 0.0000 1504.7019 0.0000 1504.3525 0.0000 1496.4132 0.0000
















































































































































Table 2 Structural parameters for involved bonds and angles in basic bicyclic structure of the axial (Ax) and equatorial (Eq)
conformations at the MP2/6-31G\ level.
Ax Eq Ax Eq Ax Eq
Parameters
Bond length (A) Bond Angles, deg Dihedral, deg
R1–2 1.854 1.847 H1–3 105.0 104.3 u1–5–6–4 107.0 105.3
R1–5 1.830 1.817 H1–4 105.8 104.4 u2–1–5–4 6.4 35.9
R2–3 1.567 1.569 H1–6 117.1 114.7 u2–6 103.0 131.1
R3–4 1.446 1.453 H2–4 107.6 107.7 u2–11 118.3 35.9
R3–9 1.095 1.099 H2–5 94.8 90.0 u3–4–7–8 38.7 35.8
R3–16 1.513 1.515 H3–7 124.7 120.1 u5–6 14.0 16.2
R4–5 1.466 1.476 H3–5 115.4 116.4 u5–6–7–8 163.2 158.0
R4–7 1.410 1.410 H4–5–6 88.5 88.6 u5–4–3–9 156.5 117.0
R5–6 1.558 1.556 H4–7–6 91.0 91.7 u5–1–2–12 134.0 82.4
R5–11 1.090 1.093 H4–8 131.7 131.2 u5–13 105.3 156.1
R6–7 1.546 1.541 H4–15 108.5 111.4 u5–4–3–15 83.7 123.9
R6–10 1.422 1.423 H5–4–7 92.8 91.6 u5–16 134.4 120.9
R7–8 1.212 1.212 H5–6–7 84.3 83.8 u5–19 40.5 61.7
R10–16 1.362 1.363 H6–8 137.1 136.7 u6–22 179.6 177.8
R10–19 1.015 1.014 H6–16 121.6 121.4 u7–4–3–15 162.7 127.2
R16–17 1.230 1.230 H5–10 118.9 120.1 u11–12 93.4 138.2
4 A.A. Salari et al.NBO interpretation. The obtained results were compared to
available experimental and theoretical data on model b-lactam
compounds.
2. Computational details
Geometry optimizations were performed by using MP2/6-
31G\//MP2/6-31G*, MP2/3-21G\// MP2/3-21G\, B3LYP/6-
311 + G\\//B3LYP/6-31G\, B3LYP/6-31G\//B3LYP/6-31G\
and B3LYP/3-21G\//B3LYP/3-21G\ methods on the axial
and equatorial conformations of penicillin-V. Molecular
geometries were optimized to ﬁnd the energy minimum. The
nature of the stationary points for the interested structures
has been ﬁxed by the imaginary frequencies. For minimum
state structures, only real frequency values were accepted. To
model the bulk effects on the conformational structures,
Self-Consistent Reaction Field (SCRF) method is based on a
continuum model with uniform dielectric constant (e).The sim-
plest SCRF model is the Onsager reaction ﬁeld model. We ﬁrst
performed a volume calculation to determine cavity radii re-
quired for the use of the Onsager model in our calculations.
The Onsager model as implemented in Gaussian 03 is a meth-
od to predict the solvation effect on properties of the solute
without considering explicit solvent molecules. This model
has been used to predict structural and spectral changes due
to the solvent with implicitly accounting for the solvent mole-
cules (Foresman and Frisch, 1996; Tomasi and Persico, 1994).
Then, the atomic and group charges ﬁtted to the electrostatic
potential (EP) were calculated to analyze the side chain effects
and the active sites of the b-lactam ring at the B3LYP/6-
311 + G\\//B3LYP/6-31G\ level of theory (Politzer and
Truhlar, 1981). NBO interpretation was also performed at
the B3LYP/6-311G\ level of theory on the optimized struc-
tures at the B3LYP/6-31G\ level by using the NBO 3.1 pro-
gram in the different media (Glendening et al., 1998; Reed
et al., 1988). The bonding and lone pair orbital occupancies
in the optimized structure of the considered compound, the
stabilization energies associated with LP (2) S1ﬁ r\ (C5–H11),Please cite this article in press as: Salari, A.A. et al., The ab initio study an
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O8ﬁ r\ (N4–C7), LP (1) N 10ﬁ r\(C5–C6), LP (1) N10ﬁ
r\(C6–C7), LP (2) O20ﬁ r\ (C22–H36) and LP (2)
O20ﬁ r\(C22–H37) delocalizations and also HOMO–LUMO
gap were calculated using NBO interpretation. All of the com-
putations were performed using GAUSSIAN 03 software
(Frisch et al., 2003).
3. Results and discussion
MP2/6-31G\//MP2/6-31G\, MP2/3-21G\//MP2/3-21G\,
B3LYP/6-311 + G\\//B3LYP/6-31G\, B3LYP/6-31G\//
B3LYP/6-31G\ and B3LYP/3-21G\//B3LYP/3-21G\ meth-
ods were used for structural optimizations and single-point en-
ergy calculations of axial and equatorial conformations of
penicillin-V molecule. The effects of solvent polarity and com-
putational methods were investigated on the conformational
stability and the chemical reactivity of the b-lactam-thiazoli-
dine rings. The obtained results conﬁrmed that in vacuum
and all of the tested solvents (Toluene, dichloromethane, Ace-
tone, Ethanol, Dimethyl sulfoxide (DMSO) and water); the
axial form of the PV is more stable than the equatorial form
one (see Table 1). This is in agreement with the NMR studies
performed on penicillin-V that indicate the axial conformation
is the dominant form in solid state. Furthermore, it can be con-
cluded that on the potential energy surfaces studied, there is an
energetic barrier to conformational interchange between two
former conformations.
The results also recalled that the energy variance between
axial and equatorial forms is dependent on the computational
method. So that, MP2/6-31G\//MP2/6-31G\ method as com-
pared with other methods, more clearly showed the energy var-
iance between two forms. Therefore, by increasing the solvent
dielectric constant, the energy variance between axial and
equatorial forms decreases in most cases. The energetic data
also represented that by the increase of dielectric constant,
the relative stability of the considered structures increases
(see Table 1). Furthermore, these results demonstrated thatd NBO interpretation of solvent eﬀects on the structural stability and
Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.2013.08.009
Table 3 The calculated dipole moments (l in Debye) in MP2/ 6–31G\ level, atomic charges for some selected atoms of penic lin-V at the B3LYP/6-311 + G\\ //B3LYP/6-31G\
levels, HOMO, LUMO energies (eV) and HOMO–LUMO gaps, lone pair (LP) and bonding orbital(r, p) occupancies and calcul ed resonance energies (in kcal mol1), in the ground
state geometries of axial (Ax) and equatorial (Eq) conformations using NBO analysis at the B3LYP/6-311G\// B3LYP/6-31G\ evel in different dielectric constants (e).
e 1 2.379 8.93 20.7 24.55 46.7 78.39
Ax Eq Ax Eq Ax Eq Ax Eq Ax E Ax Eq Ax Eq
l, D 4.916 5.071 4.883 4.707 5.324 5.058 5.448 5.150 5.463 162 5.502 5.192 5.521 5.205
Atomic charges
S1 0.32392 0.32188 0.320082 0.31226 0.316726 0.30550 0.315840 0.30501 0.315729  30477 0.315440 0.30417 0.315308 0.30389
C2 0.388508 0.32693 0.393512 0.32029 0.398336 0.31974 0.399694 0.32490 0.399867 32488 0.400321 0.32484 0.400529 0.32482
C3 0.245098 0.36882 0.247236 0.37792 0.249181 0.38363 0.249707 0.38201 0.249773 38221 0.249945 0.38272 0.250025 0.38296
N4 0.606055 0.5978 0.606396 0.60162 0.606599 0.60283 0.606635 0.60119 0.606638  60124 0.606648 0.60136 0.606652 0.60141
C5 0.368506 0.33681 0.364248 0.33552 0.360237 0.33294 0.359127 0.33071 0.358986 33062 0.358619 0.33038 0.358450 0.33027
C6 0.029547 0.00051 0.032435 0.00430 0.035057 0.00875 0.035764 0.00986 0.035853 01002 0.036085 0.01043 0.036192 0.01062
C7 0.651473 0.61447 0.647200 0.60890 0.643192 0.60362 0.642084 0.60167 0.641943 60148 0.641576 0.60098 0.641407 0.60075
O8 0.543631 0.52596 0.545447 0.52767 0.547088 0.52996 0.547531 0.53079 0.547587  53086 0.547733 0.53105 0.547799 0.53113
N10 0.397013 0.37351 0.395202 0.37201 0.393446 0.37304 0.392950 0.37554 0.392887  37557 0.392721 0.37567 0.392645 0.37572
C16 0.630299 0.64584 0.633858 0.65142 0.637236 0.65537 0.638176 0.65537 0.638295 65552 0.638607 0.65590 0.638751 0.65608
O17 0.589876 0.59596 0.598195 0.60685 0.606082 0.61437 0.608276 0.613964 0.066988  61424 0.609283 0.61495 0.609618 0.61528
NBO parameters
HOMO 0.23752 0.23819 0.23792 0.23809 0.23839 0.23806 0.23853 0.23807 0.23855  23807 0.23860 0.23807 0.23863 0.23807
LUMO 0.02898 0.03093 0.02750 0.03001 0.02608 0.02919 0.02568 0.02897 0.02563  02894 0.02550 0.02887 0.02544 0.02883
HOMO-LUMO Gap 0.20854 0.20726 0.21042 0.20808 0.21231 0.20887 0.21285 0.2091 0.21292 20913 0.2131 0.2092 0.21319 0.20924
Occupancies
r (S1–C2) 1.95736 1.95319 1.95740 1.95314 1.95743 1.95309 1.95744 1.95308 1.95744 95308 1.95744 1.95308 1.95744 1.95307
r (S1–C5) 1.97795 1.97760 1.97795 1.97758 1.97795 1.97757 1.97795 1.97756 1.97795 97756 1.97795 1.97756 1.97795 1.97756
r (C2–C3) 1.95565 1.95593 1.95557 1.95584 1.95548 1.95575 1.95546 1.95572 1.95546 95572 1.95545 1.95571 1.95545 1.95571
r (C3–N4) 1.97879 1.97908 1.97879 1.97906 1.97879 1.97903 1.97879 1.97902 1.97879 97902 1.97879 1.97902 1.97879 1.97902
r (C3–H9) 1.96226 1.96646 1.96222 1.96643 1.96217 1.96640 1.96216 1.96639 1.96216 96639 1.96215 1.96638 1.96215 1.96638
r (N4–C7) 1.98215 1.98174 1.98218 1.98177 1.98221 1.98180 1.98221 1.98181 1.98221 98181 1.98222 1.98181 1.98222 1.98182
r (C7–O8) 1.99703 1.99692 1.99704 1.99692 1.99704 1.99692 1.99704 1.99692 1.99704 99692 1.99704 1.99692 1.99704 1.99692
p (C7–O8) 1.99197 1.99223 1.99202 1.99227 1.99206 1.99230 1.99207 1.99231 1.99208 99231 1.99208 1.99231 1.99208 1.99231
r (C5–C6) 1.96254 1.96276 1.96251 1.96273 1.96249 1.96270 1.96248 1.96270 1.96248 96270 1.96248 1.96269 1.96248 1.96269
r (C5–H11) 1.98682 1.98760 1.98687 1.98763 1.98691 1.98766 1.98692 1.98767 1.98692 98767 1.98693 1.98767 1.98693 1.98767
r (C6–C7) 1.96575 1.96608 1.96582 1.96617 1.96589 1.96624 1.96590 1.96626 1.96590 96627 1.96591 1.96627 1.96591 1.96628
r (C6–H14) 1.96300 1.96334 1.96328 1.96357 1.96354 1.96377 1.96362 1.96383 1.96362 96384 1.96365 1.96386 1.96366 1.96386
LP (1) S1 1.98131 1.98069 1.98127 1.98063 1.98122 1.98057 1.98121 1.98056 1.98121 98056 1.98121 1.98055 1.98121 1.98055
LP (2) S1 1.91579 1.91936 1.91539 1.91894 1.91500 1.91856 1.91490 1.91846 1.91489 91845 1.91485 1.91841 1.91483 1.91840
LP (1) N4 1.72379 1.73221 1.72298 1.73143 1.72221 1.73072 1.72199 1.73052 1.72196 73050 1.72189 1.73043 1.72186 1.73040
LP (1) O8 1.97638 1.97684 1.97637 1.97683 1.97636 1.97681 1.97635 1.97681 1.97635 97681 1.97635 1.97680 1.97635 1.97680
LP (2) O8 1.82111 1.82102 1.82129 1.82135 1.82144 1.82162 1.82148 1.82170 1.82148 82170 1.82150 1.82173 1.82150 1.82174
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al ofdensity functional theory DFT methods as compared with
MP2 methods forms ones, more clearly showed the effect of
solvent dielectric constant on the relative stability. So that,
the most stable structure was observed in aqueous phase at
the B3LYP/6-311 + G\\//B3LYP/6-31G\ level of theory for
two conformations. Hence, it can be expressed that the
improvement of basis set leads to increasing the relative stabil-
ity of the interested conformations at both MP2 and DFT lev-
els (6-31G\ vs. 3-21G\ results). Table 2 represents the values of
the geometrical parameters at the MP2/6-31G\ level of theory.
The structural parameter comparisons of PV conformations in
the tested media represented that their values are different for
both conformations. So that, during passing the equatorial
form to axial form one, it was observed that bond length val-
ues, bond and torsional angle strains decrease, which can be
one of the probable reasons of the more stability of the axial
structure. Since there is a rigid bicyclic structure in penicillin-
V conformations, our ﬁndings showed that geometrical param-
eter values are the same in vacuum and the tested solvents and
the solvent dielectric constant cannot inﬂuence them. On the
other hand, table data showed that the u6-22 dihedral angle,
which determines the orientation of the aminoacyl side chain
with respect to the b-lactam ring, is in anti position with an an-
gle of 179.6 and 177.83, respectively, for axial and equato-
rial forms in all of the media. Clearly, this dihedral
corresponds to a planar amide plane with maximum 2 devia-
tion. Dihedral u5-16 speciﬁes the orientation of the b-lactam
ring with respect to the carbonyl group of the side chain and
we observed that in axial form, its value is more than it is in
equatorial form one in all of the media (respectively, 134.4
and 120.9). Furthermore, our results indicated that for the
PV conformations, the O8 atom is less coplanar to the b-lac-
tam ring than the other penicillin molecules (u5-6-7-8 is 163.2
and 158.0, respectively, for axial and equatorial forms). In
summary, the obtained geometrical data are quite close to
those obtained in previous theoretical studies (Pena-Gallego
et al., 1999; Soriano-Correa et al., 2007) on axial and equato-
rial conformations, in spite of the fact that they were studying
a model system. The dipole moment is the ﬁrst derivative of
energy with respect to applied electric ﬁeld. It is a measure
of the asymmetry in the molecular charge distribution. Dipole
moment of axial and equatorial forms of PV is reported in
Table 3 at MP2/6-31G\ level of theory. The obtained results
revealed that the axial form of PV has a higher dipole moment
than the equatorial form one in most of the tested media. This
fact reveals that the charge distribution in the equatorial form
is more symmetric than it is in the axial form one in the inter-
ested level of theory. The table of data also demonstrates that
increasing the solvent dielectric constant leads to increasing
the dipole moment of the studied conformations. Hence, the
highest dipole moment is perceived in aqueous solution. As
we know, there are two important electrophilic sites in the
b-lactam ring (C5 and C7 atoms) of penicillin compounds in
which active molecules are exposed to nucleophilic attacks
on these atoms. Hence, the active molecules can be the target
of the b-lactam hydrolysis. Thus, we investigated the effect
of the solvent dielectric constant on the charge distribution
of C5 and C7 atoms in order to analyze the potential electro-
philic nature of these sites in different solvents. The results rep-
resented that charge values on C5 and C7 atoms of axial form
are more than those on C5 and C7 atoms of equatorial form
one in all the tested media. Furthermore, charge values ond NBO interpretation of solvent eﬀects on the structural stability and
Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.2013.08.009
Figure 2 Calculated relative energy (D Eel in kcal mol
1) for PV conformations plotted as a function of (a) HOMO–LUMO gap and (b)
the charge values on the C7 atom, in the different solvents.
The ab initio study and NBO interpretation of solvent effects on the structural stability and the chemical 7C7 atom are greater than those on C5 atom in all of media,
which may indicate that the C7 site is a more electrophilic site
than the C5 one in both conformations (see Table 3). Our ﬁnd-
ings showed that increasing the solvent dielectric constant
leads to decreasing the charge values on the C5 and C7 atoms
of the b-lactam ring in all of cases. In addition, the investiga-
tion of atomic charge values represented that in the axial form,
the aggregation of positive and negative charges on the constit-
uent atoms of the b-lactam-thiazolidine system is more than it
is in equatorial form one. However, in axial form, the funda-
mental bonds of the b-lactam-thiazolidine system are the more
polar than they are in equatorial form one. Also, the per-
formed NBO analyses demonstrated that axial form has the
higher HOMO–LUMO gap than equatorial form one. Fur-
thermore, by the increases of solvent dielectric constant,
HOMO–LUMO gap and occupancy values of the contained
bonds in the b-lactam ring of the interested structures increase
(see Table 3). Based on NBO and atomic charge computations,
it can be deduced that with increasing the solvent dielectric
constant, the reactivity of the b-lactam ring against nucleo-
philic attacks will decrease, so that the most stable structure
is observed in water solution for both conformations (see
Fig. 2). Furthermore, increasing the dielectric constant leads
to increasing the intramolecular interaction energies of LP
(2) S 1ﬁ r\ (C5–H11) and LP (1) N4ﬁ p\ (C7–O 8) and
hydrogen interactions of LP (2) O20ﬁ r\ (C22–H36) and LP
(2) O20ﬁ r\(C22–H37) while it causes a decrease of LP (1)
N4ﬁ r\ (S1–C5), LP (2) O8ﬁ r\ (N4–C7), LP (1) N10ﬁ r\
(C5–C6) and LP (1) N10ﬁ r\ (C6–C7) interaction energies in
both conformations. These facts may be the probable reasons
behind the relative stability of the axial and equatorial forms in
the aqueous solution based on energetic data and NBO inter-
pretation. Finally, it can be indicated that the structural stabil-
ity of the penicillin-V conformations is controlled by solvent’s
polarity and its dielectric constant, the electrophilic nature of
b-lactam ring and HOMO–LUMO gap.Please cite this article in press as: Salari, A.A. et al., The ab initio study an
the chemical reactivity of penicillin-V conformations. Arabian Journal of4. Conclusion
This study provides a detailed scheme for the electronic struc-
ture and the chemical reactivity of the penicillin-V conforma-
tions. Effectively, the results represented that:
- DFT methods as compared with second order Moller–
Plesset (MP2) form ones; more clearly shows the effect of
solvent dielectric constant on the relative stability of axial
and equatorial conformations. So that, the most stable
structures were observed in aqueous phase at the B3LYP/
6-311 + G\\//B3LYP/6-31G\ level.
- There is a rigid bicyclic system in penicillin-V conforma-
tions so that the solvent dielectric constant cannot inﬂuence
it.
- Increasing the solvent dielectric constant leads to decreas-
ing the charge values on the C5 and C7 atoms of the
b-lactam ring. Hence, the b-lactam ring possesses the lowest
electrophilic nature in the presence of implicit water
molecules in both conformations.
- By the increase of solvent dielectric constant, HOMO–
LUMO gap and occupancy values of the contained bonds
in b-lactam ring of the axial and equatorial conformations
increase.
- From the whole results of calculating atomic charges and
NBO analyses, we can conclude that by increasing the
solvent dielectric constant, the relative stability of the
interested conformations increases while, the reactivity
of the b-lactam ring against the nucleophilic attacks
decreases.Acknowledgement
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